Molecular chaperones control the cellular folding, assembly, unfolding, disassembly, translocation, activation, inactivation, disaggregation, and degradation of proteins. In 1989, groundbreaking experiments demonstrated that a purified chaperone can bind and prevent the aggregation of artificially unfolded polypeptides and use ATP to dissociate and convert them into native proteins. A decade later, other chaperones were shown to use ATP hydrolysis to unfold and solubilize stable protein aggregates, leading to their native refolding. Presently, the main conserved chaperone families Hsp70, Hsp104, Hsp90, Hsp60, and small heat-shock proteins (sHsps) apparently act as unfolding nanomachines capable of converting functional alternatively folded or toxic misfolded polypeptides into harmless protease-degradable or biologically active native proteins. Being unfoldases, the chaperones can proofread three-dimensional protein structures and thus control protein quality in the cell. Understanding the mechanisms of the cellular unfoldases is central to the design of new therapies against aging, degenerative protein conformational diseases, and specific cancers. 715
INTRODUCTION
In the crowded environment of the cell, molecular chaperones control all aspects of protein homeostasis. Recent findings show that the main conserved chaperone families, Hsp70/Hsp110 (DnaK), Hsp104 (ClpB), Hsp90s (HtpG), Hsp60/CCT (GroEL), and the small heat-shock proteins (sHsps) (IbpA/B) (traditional prokaryotic names in brackets), can specifically target and unfold alternatively folded, or stably misfolded and aggregated conformers, which may be cytotoxic, and convert them into harmless functional native proteins or degraded peptides. All chaperones seem to share a common mode of action involving cycles of substrate binding, unfolding, dissociation, and spontaneous refolding, or protease-mediated degradation (see sidebar, About Heat-Shock Proteins and Molecular Chaperones). In 1986, Rothman & Kornberg (1) initially suggested the biomechanistically informative term unfolding enzymes. Yet, a year later, the socially inspired term molecular chaperone, which is scientifically less accurate, was adopted by the scientific community (2).
Indicative of their central role, the chaperones/unfoldases can be up to 10% of the total protein mass of human cells (3, 4) . By virtue of their ability to specifically unfold a minority of misfolded and alternatively folded proteins in the cell, the chaperones/unfoldases can proofread the threedimensional structures of the remaining 90% of the cellular proteins and control their conformational quality during their eventful and stressful life. The unfolding enzymes may thus effectively reduce the concentrations of stress-or mutation-induced pathogenic protein conformers, which cause the late-age onset of many degenerative diseases in animals. Important steps in the pathway from DNA to protein degradation have been internationally recognized. (Top) Nobel prizes given for major findings ( gray arrows) on this flowchart for DNA synthesis, RNA synthesis, protein synthesis, protein folding, prion propagation, and protein degradation. (Middle) The molecular machines involved in each step. (Bottom) The cellular processes that are carried out by the above molecular machines. Still lacking full recognition are the molecular chaperones that control de novo folding and assembly of native proteins, the activation/inactivation of signaling proteins, the translocation of polypeptides to organelles, and protein secretion. Importantly, by virtue of their ability to specifically unfold misfolded conformers, chaperones can proofread the three-dimensional structure of proteins and thus mediate various cellular functions and control protein quality under stress and aging. Abbreviation: Hsp, heat-shock protein.
The first genetic indication that particular proteins may control the assembly of various large protein complexes in cells came in 1973 with the characterization of Escherichia coli mutants that were defective in bacteriophage maturation (15) . Point mutations in the bacterial genes GroES, GroEL, DnaK, DnaJ, and GrpE impaired the maturation of bacteriophage capsids and tails (16, 17), suggesting that the bacterial gene products, GroEL in particular, could carry an assembly aiding function (18). Negative-stain electron microscopy showed that the GroEL protein was made of fourteen 60-kDa identical subunits assembled in two stacked heptameric rings (18), a uniquely recognizable size and shape that later led to the identification of the GroEL orthologs: Cpn60 in chloroplasts and Hsp60 in mitochondria.
A second indication that a nascent protein, although generally able to fold spontaneously into a native monomer, might still need an assembly-aiding protein complex to fold and assemble into a functional oligomer in the crowded environment of cells came in 1980 from isolated chloroplasts. Using pulse-chase experiments and autoradiograms of nondenaturing and denaturing gels, Barraclough & Ellis (19) showed that nascent radiolabeled 55-kDa ribulose-1,5-biphosphate carboxylase oxygenase (RuBisCO) large subunits (LSUs) synthesized on chloroplast ribosomes did first transiently associate in the chloroplast stroma to an abundant ∼700-kDa complex made of 60-kDa subunits, before it later integrated mature 520-kDa RuBisCO holoenzymes.
Heat-shock proteins (Hsps): proteins that accumulate in cells during a heat shock; Hsp is often misused to generally describe a molecular chaperone
The term molecular chaperone was originally coined by Laskey et al. (20) in 1978 to describe the ability of nucleoplasmin to prevent inappropriate electrostatic interactions between histones and oppositely charged proteins. In 1987, Ellis and colleagues (2, 21) adapted this term to describe the alleged biochemical function of a new class of proteins that seemingly assisted the proper assembly of large protein oligomers, such as RuBisCO and phages, by a yet unknown mechanism involving noncovalent binding of the nascent polypeptide chains and their subsequent ATP-dependent dissociation. Although unscientifically borrowed from human sociology, the term chaperone initially fit what appeared to be at the time the main molecular function of these proteins: the mere binding of misfolding polypeptides impairing their aggregation, a passive biological function performed by very abundant proteins, which appeared quite wasteful as they were noncatalytic.
Because the defective phage maturation phenotype in DnaK E. coli mutants was suspected to result from an impaired replication of phage DNA (16, 22), a first biochemical assay was developed by Georgopoulos and colleagues (22), who showed that purified DnaK and DnaJ in the presence of ATP could collaborate with other proteins in the facilitation of bacteriophage λ DNA replication in vitro (24) (25) (26) . It is noteworthy that this seminal in vitro assay with purified DnaK and DnaJ proteins did not reveal any information about a possible mechanism of action, especially in relation to what was later called chaperone activity. Five more years were necessary for the first in vitro chaperone activity assay to be designed with the specific aim of addressing the ability of a given protein, GroEL, to prevent the aggregation of artificially denatured proteins and subsequently mediate their proper native refolding and assembly in strict ATP-and GroES-dependent manners (27).
In 1974, Tissières et al. (28) described the first sodium dodecyl sulfate gel and autoradiogram of heat-shock proteins (Hsps) labeled with 35 S-methionine, which were seen to accumulate in heat-shocked salivary glands of Drosophila in relation to chromosome puffs. This initiated the general use of the term Hsp, associated with apparent molecular weights, without speculating on possible molecular functions (28). A decade later, Varshavsky and colleagues (29) suggested that Hsps in general might bind to denatured or abnormal proteins after a heat shock to prevent their aggregation and thus avert cellular damage. This was further developed in 1986 by Pelham (30), who predicted possible roles of Hsp70 and Hsp90 in a range of protein assembly and disassembly processes in the cell. On the basis of in vivo observations that Hsp70 molecules could become tightly associated to nucleoli under heat shock and that in vitro addition of ATP could revert this association, Lewis & Pelham (31) hypothesized that in unstressed cells Hsp70s and Hsp90s might bind to rare proteins that transiently expose hydrophobic surfaces during their natural folding and assembly processes. In stressed cells, it was suggested that Hsp70s and Hsp90s were required in increased amounts to dissociate aggregates and prevent further aggregation (30).
At the same time, Rothman & Kornberg (1) published a plainly visionary News and Views paper in which, commenting on the work of Eilers & Schatz (32) on Hsp70-mediated protein translocation across the mitochondrial import pore and the work of Waxman & Goldberg (33) on protein translocation into the protease chamber of the Lon (La) protease, they suggested the existence of unfolding enzymes. These unfolding enzymes were to control cellular processes, such as translocation and unfolding of polypeptides across membranes, the forceful unfolding of misfolded proteins, and their refolding or their controlled degradation by proteases (1). Without mentioning the term chaperone that was not yet reinstated by Ellis, they wrote:
The power of unfolding enzymes could also be harnessed for constructive purposes. Such enzymes could even catalyze the fundamental process of protein folding. Although this process is generally viewed as spontaneous, because isolated polypeptides can refold efficiently, artificial maneuvers such as the gradual removal of a denaturing agent are often required. Wrongly folded structures otherwise form and persist or are degraded. Misfolded proteins in a cell might be recognized by virtue of the chain they expose and then be actively unfolded to allow the folding process to repeat itself rapidly until a compact structure of minimum energy is achieved. Such catalysis of folding by unfolding enzymes would set a minimum stability for a correctly folded structure. (1, p. 210) Nearly three decades later, these precise words describe most accurately the mechanistic denominator, which we find to be shared by the main families of conserved molecular chaperones.
At about the same time, Hemmingsen & Ellis (21) purified the ∼700-kDa RuBisCO-binding protein from the pea chloroplasts and found it to be composed of equal amounts of 60-kDa αand β-subunits. Addition of ATP weakened the stability of the chloroplast oligomer and caused the apparent dissociation of bound radioactive ghosts of 55-kDa RuBisCO, suggesting that the ATP-mediated deoligomerization of the chaperone complex caused the dissociation of the noncovalently associated RuBisCO polypeptides (34, 35) . Later work with GroEL, the orthologous protein from bacteria, showed that, although ATP is involved in the release of the bound polypeptides, the release mechanism does not involve the disruption of the chaperone holo-oligomer (27). In 1988, Picard et al. (36) showed evidence that association of another Hsp, Hsp90, may inactivate the glucocorticoid receptor by keeping it unfolded, and in their seminal review on Hsps, Lindquist & Craig (37) reiterated Rothman & Kornberg's original idea (1) that, although lacking experimental evidence, Hsp70 proteins could be acting as cellular unfolding enzymes, altering the conformation of proteins in an ATP-dependent manner that could drive passage of polypeptides through membranes. Also in 1988, Girshovich and colleagues (38) used photocross-linking to show that newly synthesized polypeptides in E. coli cells could transiently bind to GroEL complexes and that ATP could dissociate these complexes in vitro. They hypothesized that GroEL might have a particular affinity for unfolded nascent proteins and could use the energy of ATP hydrolysis to impede aggregation. Work a decade later showed that another passive chaperone, trigger factor, at the bacterial ribosome exit could also secure the proper folding of nascent chains in collaboration with the ATP-fueled action of Hsp70 (39).
In earlier work using negative-stain electron microscopy, Pushkin et al. (40) observed the presence of high-molecular-weight protein complexes in soluble extracts of pea chloroplasts that were identical in size and displayed the same double-stacked sevenfold symmetry as the GroEL 14 complexes from E. coli (40). Having completed the sequencing of the αand β-subunits of the RuBisCO-binding proteins, this triggered in 1988 Hemmingsen and Ellis to contact C. Georgopoulos, who had recent knowledge of the sequence of E. coli GroEL. Primary amino acid sequence alignments showed an astoundingly high level of sequence identity between the bacterial GroEL and the two plant αand β-RuBisCO-binding protein subunits from pea (41). This was compelling correlative evidence that chloroplast RuBisCO-binding proteins and bacterial GroEL should perform similar biological functions, related to aiding the assembly of large protein complexes, by a mechanism involving transient noncovalent binding of polypeptides, followed by their ATP-dependent dissociation (2). However, this conclusion, which was based solely on highsequence homology, remained speculative and called for interventional experimental validations both in living cells and in the test tube with purified chaperone proteins and model polypeptide substrates.
THE FIRST EXPERIMENTAL PROOF OF THE CHAPERONE CONCEPT
Thus far, the birth of the chaperone concept was based on observations in bacteria and chloroplasts of possible correlations between the presence of one protein, GroEL or the RuBisCObinding protein, and the successful assembly of another protein complex, RuBisCO or phage.
Interventional experiments were thus needed to convert correlative observations into experimental proofs that chaperone-assisted assembly of protein complexes was a general principle, possibly deserving a post of its own on the general flowchart of molecular biology (Figure 1) . The possible experimental approaches were simple: Chaperone levels could be either artificially increased or decreased in the cell or in the test tube, and the effects could be tested on the quality of folding/ misfolding and assembly/aggregation of reporter substrate proteins. For example, at this stage the RuBisCO-binding protein and GroEL were thought to act predominantly on the assembly of large protein oligomers (41). It took a decade of biochemical studies with purified chaperones to gather convincing evidence that GroEL, as well as other classic chaperones, primarily acted directly on the folding/unfolding of individual polypeptide subunits.
A Molecular Chaperone Can Favor Native Folding of a Foreign Protein in the Cell
The first experimental evidence that a molecular chaperone can control the fate of protein folding and oligomer assembly in the highly crowded environment of a cell was demonstrated by Goloubinoff and colleagues (42) in whole E. coli bacteria harboring a plasmid that expressed the RuBisCO large and small subunits (LSUs and SSUs) from cyanobacteria under a constitutive promoter. The cyanobacterial LSU and SSU were well expressed; however, in the presence of only the low basal levels of GroES and GroEL expressed from the bacterial chromosome, they ended up being mostly inactive and insoluble in inclusion bodies. In contrast, when a compatible multicopy plasmid was present that ectopically expressed medium levels of additional GroES and GroEL proteins, the cyanobacterial LSU and SSU polypeptides were found to be mostly soluble and assembled into active hexadecameric (L 8 S 8 ) holoenzymes. Stressing the importance of the GroES cochaperone, ectopic overexpression of only GroEL remained ineffective at promoting the formation of soluble cyanobacterial RuBisCO holoenzymes. The E. coli strains harboring missense mutations in GroES and GroEL, which were defective in phage assembly, also failed to optimally assemble dimeric recombinant RuBisCO from the purple bacteria Rhodospirillum rubrum (42). Interestingly, these in vivo proof-of-the-chaperone concept experiments also demonstrated the ubiquitous nature of the molecular chaperones. GroEL and GroES from E. coli seemed to apply a specific mechanism consisting of preventing the aggregation and promoting native assembly of phage head and tail proteins, which were optimal substrates for E. coli chaperones; however, GroEL and GroES also acted on nonself recombinant proteins from an evolutionarily more distant organism, albeit this was done with a lesser efficiency. Whereas the endogenous basal levels from the chromosomal GroES and GroEL genes sufficed to mediate optimal folding of dimeric RuBisCO from the gramnegative purple bacteria R. rubrum (a proteobacteria, which is a close relative of E. coli ), massive overexpression of plasmid-encoded E. coli GroES and GroEL chaperones was necessary to optimally fold and assemble hexadecameric RuBisCO from cyanobacteria, which is evolutionarily much more distant from E. coli.
In support of this first proof-of-the-chaperone concept in whole living cells, Horwich and collaborators (43, 44) then showed that when various polypeptides generated on cell-free ribosomes were artificially imported into isolated yeast mitochondria harboring a thermosensitive point mutation in Hsp60, the GroEL ortholog, they showed different degrees of sensitivity to partial proteolysis, as compared with mitochondria expressing wild-type Hsp60. At this stage, the main molecular action of bacterial GroEL, yeast Hsp60, and chloroplast RuBisCO-binding protein was thought to be at the level of multisubunit complex assembly. Confirming the initial observations with isolated chloroplasts, this semi-in vivo system with isolated yeast mitochondria identified Hsp60 as a large complex that can also transiently interact with de novo imported polypeptides www.annualreviews.org • Molecular Chaperones as Unfoldases Aggregated polypeptide: an inactive, potentially toxic, oligomeric polypeptide enriched in nonnative intra-and intermolecular β-sheets, prone to form larger insoluble oligomers and determine their fate as misfolded or presumably native, as inferred from the greater protease sensitivity of the imported polypeptides in the Hsp60 mutants, as compared with the wild-type mitochondrial extracts (43-46).
A Purified Molecular Chaperone Can Prevent Protein Aggregation in the Test Tube
Even though the in vivo experiments with GroEL, GroES, and RuBisCO in whole cells were groundbreaking, the ultimate proof-of-the-chaperone concept called for the design of a purely in vitro activity assay, comprising only chaperones, ATP, and model polypeptides as substrates free of possible interferences from thousands of unrelated cellular proteins, nucleotides, membranes, and metabolites. Only such an in vitro activity assay could address in a rigorous dose-dependent manner the specific chaperone properties, such as their apparent ability to prevent protein aggregation and use ATP hydrolysis to convert inactive and aggregated polypeptides into active, natively folded, and assembled proteins. This founding experimental milestone in the field of molecular chaperones was crossed in 1989 by Goloubinoff and colleagues (27) , who designed an assay with only pure GroEL and GroES proteins and RuBisCO as a model polypeptide substrate. More informative than mere differences in protease sensitivity, they used enzymatic activity as a proxy to assess the native folding of a polypeptide substrate before, during, and following chaperone action (27) . For this purpose, purified native R. rubrum RuBisCO dimers were either completely unfolded by urea (or by guanidinium chloride) or misfolded by acid treatment. Circular dichroism showed that whereas urea-denatured RuBisCO was, as expected, completely devoid of secondary structures, the acid-denatured RuBisCO still contained many secondary structures, mostly misfolded β-sheets (27). Upon dilution of the urea, or dilution and neutralization of the acid, active RuBisCO did not spontaneously refold by itself but rather precipitated in the form of inactive insoluble aggregates. When, however, GroEL was present during dilution and neutralization of the denaturing agents, the RuBisCO polypeptides remained soluble but stayed inactive. Contrary to large aggregates that did not enter the native gels, the soluble inactive RuBisCO species were found tightly associated to the large soluble 840-kDa GroEL 14 oligomers, with which they comigrated in the native gels (27). This was the first direct experimental evidence that a molecular chaperone can spontaneously associate tightly, albeit noncovalently, with misfolding or misfolded inactive polypeptide substrates, thereby preventing their aggregation, whereas native RuBisCO did not bind to the chaperone complex and rapidly migrated in the native gel as a free 110-kDa dimer (27).
A Purified Molecular Chaperone Can Use ATP to Dissociate Bound Polypeptides and Drive Native Refolding
ATP added to chloroplast or bacterial extracts was already known to cause an apparent dissociation of chaperone-bound inactive RuBisCO or nascent polypeptides, but there was no information on the fate of the released species (38, 47). The first in vitro assay with pure components revealed the fate of the chaperone-released species: They were driven to properly refold and assemble into native proteins! Hence, addition of GroES and ATP to the preformed soluble GroEL 14 -RuBisCO complexes caused the dissociation of the bound inactive RuBisCO polypeptides and their refolding into enzymatically active, soluble RuBisCO dimers (27). This experiment thus showed that chaperones can use two sequential complementary mechanisms: In the first, which does not need ATP, the chaperones may spontaneously bind and prevent the aggregation of denatured polypeptides, and in the second, which requires ATP, the bound denatured polypeptides Misfolded polypeptide: a biologically inactive, potentially toxic, monomeric polypeptide enriched in nonnative intramolecular β-sheets, which may further oligomerize to form an aggregate are forcefully dissociated in a controlled manner such that they may properly refold and assemble into native oligomers.
Shortly thereafter, an important control experiment was performed by Viitanen et al. (48) . At low temperature and at dilute concentrations, the same urea-unfolded RuBisCO species were found to refold rather efficiently into the native state in the total absence of chaperones. Thus, under the ideal conditions of low crowding and low temperatures, the general principle set by Anfinsen that polypeptides should be able to fold unassisted by other proteins was also applicable to R. rubrum RuBisCO: Although the folding process can be viewed as spontaneous, accidents may happen at high temperatures. As predicted by Anfinsen, wrongly folded structures may form and call in the crowded environment of cells for the special assistance of molecular chaperones. This raised the question of the precise mechanism by which the chaperones could assist the spontaneous folding pathway of proteins. Was this a passive role, similar to that of a security fence bordering a vertiginous trail? It could also be a more active enzymatic unfolding role in which, similar to a crane, chaperones might lift misfolded polypeptides that went astray back onto the native folding path, acting as ATP-fueled unfolding enzymes. The very first in vitro refolding experiments provided significant clues on the molecular mechanisms used by GroEL and GroES. The dependence of the reaction on ATP hydrolysis was a clear indication that it involved more than passive binding to prevent substrate aggregation. It argued against using the social term chaperone, which is a rather passive social function of preventing aggregation by being there doing nothing, to describe such an ATP-dependent molecular function. The GroEL system was nearly as effective at refolding the acid-denatured RuBisCO, which initially contained stable misfolded secondary structures, as it was to refold urea-denatured RuBisCO, which initially lacked all secondary structures (27). This raised the possibility that in the case of the urea-unfolded RuBisCO, GroEL also acted on misfolded intermediate species that readily formed upon urea dilution rather than on the unfolded polypeptides per se, as generally believed, until today. This suggested that upon binding and hydrolyzing ATP, GroEL's role could be to forcefully destabilize the already formed misfolded secondary structures in the bound acid-denatured RuBisCO misfolded species, acting as an ATPfueled unfolding/stretching nanomachine (49-51). This did not exclude the possibility that GroEL could also act as a passive sequestering cage, especially during heat shock (52) in which unfolded polypeptides would be able to safely reach their native state, rather than obligatorily aggregate as when totally free in solution (49, 53).
The observations that purified GroEL can bind and prevent aggregation and that ATP with GroES can cause the dissociation of the bound polypeptides, leading to native refolding (27), were reiterated and generalized with other polypeptide substrates, such as guanidinium-HCl-denatured rhodanese, dihydrofolate reductase, ornithine transcarbamylase (54), citrate synthase (55), malate dehydrogenase (56), or acid (pH 2) denatured cis-aconitase (57).
About a year after GroEL, GroES, and ATP were shown to drive the native refolding of denatured RuBisCO, a large molar excess of bacterial Hsp70 (DnaK) was shown to drive, in a strict ATP-dependent manner, the native refolding of heat-predenatured RNA polymerase (58). Although very inefficient at first, this reaction was later improved by the addition of the cochaperones DnaJ and GrpE (59, 60). It demonstrated that other proteins could act similarly to GroEL in binding misfolded polypeptides and preventing their aggregation and that ATP could promote substrate dissociation and native refolding. It is worth noting that DnaK is not known to form a sequestering cage, implying that in-cage sequestration of denatured polypeptides to prevent aggregation is not a general mechanism applicable to all chaperones. This also raised the possibility that not all denatured polypeptides are obligatorily aggregation prone (61) and called for a chaperone mechanism capable of using ATP to convert stable misfolded proteins into stable native proteins, which is very different from the mere prevention of aggregation by passive in-cage sequestration (62).
Chaperones Can Unfold Misfolded Polypeptides
In their seminal in vitro chaperone assay, Lorimer and colleagues (27) found that GroEL + GroES + ATP remained ineffective at refolding polypeptides that had already aggregated before chaperone addition. This led to the general belief that all molecular chaperones should, by definition, be able to prevent the aggregation of unfolded polypeptides, a misconception that was not corrected in 1998, when the first disaggregating chaperones were discovered (63). Chaperone activity was consequently often misleadingly described as a holdases (64, 65). This term is nonsense, as a chaperone may either be an enzyme (deserving the suffix "ase" by virtue of its ability to bind, convert, and dissociate a substrate as a low-affinity product of the enzymatic reaction) or may serve as a passive stoichiometric holding buffer (deserving the suffix "ing"), the present continuous form reflecting the lack of polypeptide dissociation in the long term. Strangely, the remarkable ability of GroEL + GroES or DnaK + DnaJ + GrpE to use ATP to drive the native refolding of inactive polypeptides was generally not underscored in the literature as being the chaperone activity par excellence. Rather, the more ordinary ability by most chaperones to prevent polypeptide aggregation was retained as the main functional characteristic (64, 66, 67).
The GroEL/CCT chaperones are unfoldases. Hydrogen-deuterium exchange and fluorescence resonance energy transfer experiments showed that a stably misfolded RuBisCO polypeptide can become forcefully unfolded upon initial binding to an apo-GroEL complex and further unfolded upon ATP binding and hydrolysis by the GroEL complex (68, 69, 70). GroEL-mediated unfolding was also observed by following real-time fluorescence changes in thioflavin T binding to misfolded β-sheets (61), which preceded the resumption of enzymatic activity of the substrates, and was confirmed by following the changes in the relative sensitivity to trypsin of various compact misfolded, extended unfolded, and compact natively refolded conformers of the same protein (50). Even in the absence of ATP, the unfolding of stable freeze-thawed misfolded rhodanese (FTrho) and freeze-thawed misfolded luciferase (FTluc) was observed upon mere binding, respectively to the GroEL and CCT chaperone complexes (50). Because this spontaneous ATP-independent catalytic binding-unfolding-release-refolding cycle by GroEL (Figure 2a ) was soon to become inhibited by oversticky intermediates that failed to dissociate, ATP and GroES binding was found to be indispensible for the transient reduction of the affinity of the chaperone for the oversticky inhibitory intermediates and release the latter to refold in solution to the native state (Figure 2b) . The Hsp70/Hsp40 chaperones are unfoldases. Similarly, without ATP, bacterial eukaryotic Hsp70s, assisted by their J-domain cochaperones, can spontaneously bind misfolding polypeptides and mildly prevent their aggregation (71). Remarkably, prevention-of-aggregation activity by the Hsp70s and by Hsp110 could be greatly increased in the presence of ATP. This suggested that there are two complementing modes of Hsp70 binding: (a) The first is a low-affinity binding of apo-or ATP-bound Hsp70 to bulky misfolded polypeptides with exposed hydrophobic residues; and (b) the second is a high-affinity binding (also called locking) of the ADP-bound chaperone to an extended polypeptide at a stretch of hydrophobic residues (72). The chaperone transiently entraps the locally unfolded polypeptide in a state that is poised, upon release, to refold to the native state (Figure 3) (73, 74).
Moreover, bacterial Hsp70 (DnaK), assisted by the cochaperone Hsp40 (DnaJ), was shown to need the energy of ATP hydrolysis to forcefully unfold metastable FTluc monomeric species, Although all J-domain proteins likely act as cochaperones of the Hsp70 or Hsp110 unfolding chaperones, not all necessarily bind directly to the polypeptide substrates. For example, the PAM16/18 J-proteins, which are anchored at the mitochondrial membrane, participate in the targeting of ATP-bound mortalin (Hsp70) to the protein import pores. Upon ATP hydrolysis and mortalin locking on an entering polypeptide, the mitochondrial chaperone dissociates away from the pore and thus also from its J-anchors to entropically pull and unfold the locked-upon translocating polypeptide (76). Similarly, Sec63 is a J-protein at the membrane of the endoplasmic reticulum that participates in the binding of ATP-bound BIP (Hsp70) at the protein import pore complex (77). Upon ATP hydrolysis and the locking on an entering cytoplasmic polypeptide, BIP dissociates away from the pore and thus also away from the Sec63 J-protein to entropically pull and unfold the locked-upon translocating polypeptide into the endoplasmic reticulum lumen (78). Thus, although some J-proteins, in particular the Hsp40s, can bind misfolded polypeptide substrates, they do not necessarily cause protein unfolding (73); however, partial unfolding has also been observed in some cases (79). Recently, a DnaK-, DnaJ-, and ATP-dependent expansion action has been independently demonstrated by single-molecule spectroscopy (80).
The small heat-shock protein chaperones are probably unfoldases. The small heat-shock proteins (sHsps) have a conserved crystalline domain. In plants, they are predominantly induced by abiotic stress, and mutations in human sHsps cause cataract and degenerative diseases (81). Like all sHsps, human αB-crystalline can tightly bind and prevent the aggregation of artificially unfolded polypeptides or of stress-denaturing polypeptides. The sHsps have highly dynamic quaternary structures, which may be key to their unique ATP-independent mode of action (82-86). Thermodynamic considerations predict that mere binding of the misfolding polypeptides could reduce the highly dynamic exchange between the subunits of the sHsp oligomers, which could be balanced by a transient increase in the free energy of the bound misfolded substrates, i.e., in their partial unfolding. This implies that upon dissociation the polypeptides may spontaneously fold to the native state. When dissociation is too slow, the eviction of oversticky intermediates may require further assistance from ATP-consuming unfolding chaperones, such as Hsp70/Hsp40 and GroEL/GroES, to dissociate and finally refold (Figure 4) (85, 87, 88).
The Hsp90 chaperones are probably unfoldases. Hsp90 is present in prokaryotes and in all ATP-containing compartments of eukaryotic cells. In human cell cultures, Hsp90 is the most abundant protein and can reach up to 2% of the total protein mass of cancer cells. It forms dimers, which can spontaneously bind to misfolding polypeptides, predominantly at the inner surfaces of the N-terminal domains (89), thereby preventing the substrate aggregation without ATP (90). Hsp90s can undergo dramatic ATP-dependent structural rearrangements under the control of various eukaryotic cochaperones (91, 92). In the ATP-and ADP-bound state, the two protein-binding surfaces that are on the surface of the N-terminal domains in the Hsp90 dimer are closely facing each other. Upon ADP release, the surfaces become drawn apart and twist away from one another, allowing a possible stretching by torsion motion that could locally unfold misfolded structures in a chaperone-bound polypeptide substrate (Figure 5 ). Zylicz and colleagues (93) showed that Hsp90 binding can partially unfold the transcription factor p53 and that ATP hydrolysis may subsequently cause the dissociation of the p53-Hsp90 complex, allowing refolding of p53 into an active conformation that can bind DNA promoter sequences.
Chaperones Can Disaggregate Large Insoluble Aggregates
All of the above experiments focused on chaperone substrates that were either unfolded or misfolded monomeric species that did not yet aggregate. A pivotal finding nearly two decades ago (63, 97) was that Hsp70 (DnaK) alone, but more efficiently in collaboration with Hsp40 (DnaJ) and Hsp104 (ClpB), can use the energy of ATP hydrolysis to forcefully solubilize and reactivate misfolded polypeptides that were already aggregated into stable inactive oligomers prior to chaperone addition.
A first indication that, in contrast to the GroEL system, the DnaK/Hsp70 chaperone system can act on already inactive oligomeric aggregates was presented by Hartl and collaborators (71). When luciferase was first heat-inactivated without chaperones and then supplemented with DnaK, DnaJ GrpE, and ATP, a minor fraction was refolded to the native state in a strict ATP-dependent manner (71). In 1995, Zylicz and colleagues (94) used gel filtration to further demonstrate that Hsc70 can act on polypeptides that are already aggregated in the form of stable soluble oligomers, i.e., that Small heat-shock proteins (sHsps) may have two complementary types of polypeptide unfolding mechanisms. The first is spontaneous unfolding of stable misfolded polypeptides with exposed hydrophobic surfaces that transiently bind and partially unfold on the hydrophobic surfaces on the sHsp oligomers. Low-affinity polypeptide intermediates may then readily dissociate in solution, where they can freely probe various partially extended conformations on their way to the native state (right cycle). The second is ATP-fueled unfolding and eviction of oversticky unfolded intermediates from the unfolding surfaces of the sHsp oligomers by Hsp70/Hsp40, leading directly to the native state (middle cycle). ATP-fueled unfolding by GroEL/GroES may also be needed to reach the native state (left cycle). Abbreviation: Pi, orthophosphate. chaperones can act as ATP-fueled disaggregating chaperones. Thus, following addition of Hsc70 and ATP, heat-denatured RNA polymerases, which migrated on gel filtration as large soluble inactive oligomers, were converted into active low-molecular-weight enzymes. This was confirmed with heat-denatured glucose-6-phosphate dehydrogenases that migrated on gel filtration as soluble inactive oligomers. Following treatment with excess DnaK, DnaJ, GrpE, and ATP, the heatdenatured substrates turned into active enzymes at the cost of about 300 ATPs per refolded glucose-6-phosphate dehydrogenase (95) . Thus, chaperone-mediated repair of a misfolded species was apparently 10-100 times less expensive in terms of ATP consumption, than the alternative of having to degrade and resynthesize a new protein (73).
The Hsp100/ClpB-Hsp70/DnaK are unfoldases/disaggregases. Similarly, heat preaggregated malate dehydrogenase or luciferase, which scattered light and/or migrated on gel filtration as large stable inactive oligomers, was found to be efficiently deoligomerized and reactivated by the yeast chaperone system Hsp70, Hsp40, and Hsp104 (63), or the orthologous E. coli chaperones DnaK, DnaJ, GrpE, and ClpB, in a strict ATP-dependent manner (96, 97) . Bacterial ClpB and its Hypothetical cycle for Hsp90 acting as a polypeptide unfolding enzyme. Alternatively folded or partially misfolded polypeptides (red ) can directly bind or be handed by Hsp70 to ATP-bound Hsp90 dimers, where they may bind to the hydrophobic inner surfaces ( yellow) principally on the nucleotide-binding domains (138) . In the Hsp90 dimer, ATP hydrolysis and ADP dissociation cause structural changes that increase the distance between the two nucleotide-binding domains. This may apply an unfolding force on the bound polypeptide substrates. Upon dissociation, the partially unfolded intermediate may become further unfolded by Hsp70 and the J-domain cochaperones or directly refold to the native state. Abbreviations: Hop, Hsp70-Hsp90 organizing protein; Pi, orthophosphate. eukaryotic ortholog Hsp104 are ring-shaped hexamers, which upon hydrolyzing ATP can apply a peristaltic-like unfolding force by power strokes on misfolded polypeptides interacting on the N-terminal side of the ring. In turn, the polypeptides may become partially or completely threaded through the central channel of the chaperone cylinder (98) . DnaK has a dual role, both upstream as an activator of the disaggregating chaperone ClpB (99, 100) and downstream as a possible ATP-fueled unfolding machine that can complete the unfolding of polypeptides that were only partially disentangled by ClpB (97) . Remarkably, sequence-wise, and structurally, ClpA is highly homologous to ClpB. Yet, ClpA and ClpX are both cylindrical unfolding enzymes that form a specific complex with the ClpP protease, which is a heptameric cylinder, and that together actively unfold and degrade misfolded proteins in an ATP-dependent manner, similar to the eukaryotic proteasome (98, 101) . By contrast, ClpB is an unfolding enzyme that does not associate with ClpP and thus cannot degrade misfolded proteins but rather acts in concert with DnaK to disaggregate, unfold, and refold them into native proteins (Figure 6) (102, 103) . This mechanism was predicted by Rothman & Kornberg (1), who suggested as early as 1986 that cells should have unfolding Hsp100/ClpB is a disaggregating machine. Hsp100/ClpB forms an ATP-fueled disaggregating cylindrical hexamer controlled by a regulatory M domain. The N-terminal side of the Hsp100/ClpB cylinder can bind exposed misfolded polypeptide loops on the surface of aggregates. Hsp70/DnaK concomitant binding to the aggregates and to the ClpB M domain activates ATP hydrolysis, fueling power-stroke movements in the ClpB cavity, which can stretch bound polypeptide loops and disentangle a misfolded polypeptide from the aggregate. Once released from the Hsp100/ClpB cavity on either side, the partially misfolded soluble polypeptide may be further forcefully unfolded by the ATP-fueled action of the DnaK/DnaJ/GrpE machinery and, once released in solution, spontaneously refold to the native state. Abbreviation: Pi, orthophosphate.
enzymes associated to proteases, as it turned out to be the case of ClpX and ClpA associated to ClpP. They further predicted that evolution might have selected unfolding enzymes that lost their proteolytic activity, as it turned out to be the case of ClpB, and that would still recognize incorrectly folded proteins but provide them with a renewed chance to fold properly (96, 97) . Today, all chaperones that carry typical Walker A and Walker B motifs, whether associated to proteases or not, are thought to act as cylindrical unfolding nanomachines. In their central pore, an ATP-fueled power stroke, initiated by the protruding pore loop of one subunit, results in synergic movements in all six loops, thereby coordinately gripping and applying an unfolding/pulling force onto single misfolded chains or polypeptide loops exposed on the aggregate surface (104) .
The Hsp70/Hsp110s are unfoldases and disaggregases. In the cytoplasm and the endoplasmic reticulum of animal cells, which apparently do not have Hsp100/ClpB orthologs, there is another efficient disaggregating chaperone machinery composed of two evolutionarily related chaperones, Hsp70 and Hsp110. Hsp110 is structurally and functionally related to the Hsp70 family. Like Hsp70, it is a bona fide ATP-fueled Hsp40-regulated unfolding chaperone by itself (74), which is not to be confused with the AAA+ proteins Hsp104/Hsp100/ClpB that are unrelated to Hsp70. Without ATP, human Hsp110 was shown to induce the release of an unfolded inactive luciferase substrate prelocked into a human Hsp70, and reciprocally, Hsp70 was shown to induce the release of an unfolded inactive luciferase substrate prelocked into a human Hsp110 (74). Moreover, human Hsp110 and Hsp70 chaperones were shown to concertedly act as equal partners in a functional heterodimer, where each likely alternatively hydrolyzed ATP to disaggregate and unfold misfolded polypeptides entangled into large stable aggregates by a yet unclear mechanism (74, [105] [106] [107] [108] . Thus, very stable α-synuclein fibrils can be broken apart in the test tube by an equimolar combination of human Hsp70, Hsp110, and Hsp40 in a strict ATP-dependent manner that is as efficient as the bacterial chaperones DnaK + DnaJ + GrpE + ClpB (KJEB) and nearly as efficient as the mechanical action of sonication (Figure 7a,b) . When applied to sonicated α-synuclein fibrils, Hsp110, Hsp70 + Hsp40, and ATP could significantly reduce the amount of wrong β-sheets that specifically bound thioflavin T, in contrast to the intrinsically unfolded monomeric α-synuclein that lacks structures and therefore did not bind thioflavin T (Figure 7c) . Moreover, once chaperone treated, the sonicated α-synuclein fibrils lost their ability to seed the spontaneous formation of insoluble α-synuclein fibrils from a large molar excess of monomeric α-synuclein (Figure 7d ). This illustrates the importance of the cytosolic Hsp70/Hsp110 disaggregating machinery in preventing and averting the formation of early misfolded and aggregated conformers in human cells. Such conformers are extremely dangerous, as they can further seed and accelerate the formation of toxic protofibrils from cytoplasmic proteins, such as α-synuclein and tau, causing synucleinopathies (109) and tauopathies (110) , respectively. Interestingly, the cytoplasm of plants, yeast, and fungi harbors both Hsp100/ClpB-Hsp70/ DnaK and Hsp70/Hsp110 disaggregating machineries, suggesting that they do not fully overlap in terms of their specificity toward various aggregates. Thus, although the human cytoplasm and endoplasmic reticulum propitiously carry at least one effective chaperone disaggregation system (Hsp70/Hsp110), unlike yeast and plants, they may suffer from a lack of the complementary Hsp104/Hsp70-based disaggregating machinery, and this loss of function likely contributes to the high sensitivity of aging mammalian cells to toxic protein aggregates.
Chaperones Can Catalytically Unfold Stable Misfolded Polypeptides
Different molecular chaperones have been recently found to act as iterative unfolding catalysts. They can apparently convert a majority of metastable misfolded polypeptide substrates into sufficiently unfolded, low-affinity polypeptide products. Upon release, these can spontaneously refold into low-affinity native proteins, acting as final functional products of the chaperone reaction. Catalysis was first shown to be the case of bacterial Hsp70 (DnaK), where a single molecule of DnaK (in the presence of ATP and substoichiometric amounts of DnaJ and GrpE) could processively convert several molecules of inactive FTluc monomers into native luciferase. This reaction could occur in about five times as many iterative cycles of binding, unfolding, release, and spontaneous refolding, thereby rehabilitating one luciferase molecule at the cost of five hydrolyzed ATPs (Figure 3) . This low energy cost was estimated to be at least a thousandfold lower than for alternative controlled degradation of a misfolded luciferase polypeptide by ATP-fueled proteases, followed by its resynthesis into a new functional protein (73). A similar catalytic unfolding mechanism with a higher ATP cost was demonstrated also in the case of eukaryotic Hsp70 and Hsp110 (74). In addition, catalytic unfolding was demonstrated in the case of GroEL and CCT chaperones, which were found to efficiently convert stable misfolded freeze-thawed rhodanese polypeptides into native rhodanese enzymes in iterative cycles of binding, unfolding, release, and spontaneous native refolding that did not require ATP (50). ATP hydrolysis was necessary only to transiently reduce the high affinity of particular intermediates that were excessively sticky and consequently failed to dissociate and refold to the native state within a biologically relevant timescale (Figure 2) . It is tempting to speculate that the ability to drive the extension or the decompaction of stably misfolded, aggregated, or alternatively folded proteins into partially unfolded, natively refoldable, or protease-degradable proteins is the common functional denominator for the main families of molecular chaperones (62). If this was the case, then the field should reconsider term chaperone because it implies only a passive binding function for these proteins.
CHAPERONE ACTIVITY DOES NOT DEPEND ON IN-CAGE CONFINEMENT OF FOLDING INTERMEDIATES
In 2011, Hartl and Horwich received the Albert Lasker Award for Basic Medical Research for their discoveries concerning the cell's protein-folding machinery, exemplified by cage-like structures that convert newly made proteins into their biologically active forms. It was further specified in the award syllabus that "Hsp60 forms a barrel that grabs the sticky patches of the unfolded protein, moves it into the barrel, and closes a lid on top of it. In isolation, the protein can now try out alternate conformations, giving it a chance to fold into its correct structure, without bumping into other proteins" (see http://www.laskerfoundation.org/awards/show/chaperone-assisted-proteinfolding/).
Although a mechanism of transient confinement within the closed chamber of GroEL or CCT, previously dubbed the Anfinsen cage by Ellis (53), may be optimal for some particular polypeptides smaller than 55 kDa, transient in-cage confinement is not an obligate condition associated with the mechanism of molecular chaperones in general. Hence, following the ATPfueled unfolding of misfolded FTluc species by DnaK, which is a 70-kDa chaperone that does not form cage-like oligomeric structures, over 95% of the DnaK-released unfolded luciferase species reached their native state while they were completely free in solution (73). It is thus unwarranted to assume that all chaperone-unfolded polypeptides released in solution would have to obligatorily aggregate. It is therefore unnecessary to assume that all the chaperones must act by way of preventing protein aggregation. By contrast, most chaperones now appear to act as nanomachines that can unfold misfolded or alternatively folded polypeptide intermediates and also, on occasion, prevent their aggregation (also called holding), especially during heat shock when releasing thermolabile polypeptides in solution would fruitlessly result in the accumulation of increasingly stable chaperone-resistant aggregates (reviewed in 52, 65). In other words, prevention of aggregation is not an obligate part of the chaperone unfolding mechanisms, although it may often be a collateral advantage of chaperone activities.
The social adage "this is an exception that proves the rule" does not apply to protein science, in which pettier exceptions should have the power to invalidate long-accepted molecular mechanisms. Hence, when unfolded 90-kDa aconitase was used as a substrate, GroEL effectively refolded it to the native state in a strict GroES-and ATP-dependent manner, although only half of it could physically fit within the chaperone cavity and GroES could not physically cap it. Horwich and collaborators suggested that following GroEL binding and the ATP-mediated GroES binding, aconitase should be released in the outside solution, where it should complete its folding to native state, without aggregating, as expected by the in-cage model (57, 111). If not to become sequestered and prevented from aggregating when outside the cavity, what could have been the ATP-dependent processes that aconitase had to undergo while being bound to the upper rim of the GroEL cavity? Based on recent data, the most likely answer is: unfolding (50, 69).
Even in the case of the 30-kDa rhodanese polypeptide, which can be compelled to refold within the chaperone cage under a sealed GroES cap [in the case of the so-called SR1 mutants that do not dissociate GroES (112) ], this may be much less effective than when native rhodanese folding is allowed to take place unrestrictedly outside the chaperone cavity. Thus, when following unfolding on the upper inner rim of the GroEL cavity, the freeze-thawed rhodanese species were released and allowed to freely probe for various extended conformations outside the cavity; they refolded seven times more efficiently than when they were compelled to do so within the cramped space of a GroEL cavity under a sealed GroES lid (50).
The so-called Anfinsen cage model is thus an elegant model (113) primarily based on the initial observation by Goloubinoff et al. (27) that the GroEL-GroES system is unable to act once RuBisCO aggregates were already formed. Thereafter, the chaperone field overstatedly assumed that, when left free in solution, most nascent or stress-unfolded polypeptides should irrecoverably aggregate into chaperone-resistant species. This assumption was proven wrong a decade later when the Hsp104/Hsp70 (63) and ClpB/DnaK chaperones (96, 97) were found to act as effective ATPfueled disaggregating/refolding nanomachines capable of converting stable preformed insoluble aggregates into native proteins.
Anfinsen's seminal observations (11) and Rothman & Kornberg's initial suggestions (1) about the existence of cellular unfoldases point to another elegant model, which is now substantiated by three decades of chaperone research: When polypeptides partially unfold in vitro or in stressed cells, they may indeed readily misfold because completely unfolded polypeptides with large patches of water-exposed hydrophobic residues are thermodynamically unstable. The resulting stable misfolded and aggregated species may yet expose some residual characteristic hydrophobic surfaces that can be recognized by the specific hydrophobic surfaces on chaperones, such as the GroELbinding sites that face the inner upper rim of the cavity (72, 114). Mere binding might already exert a significant unfolding (69) or decompaction on the substrate by annealing (89, 115), which could suffice to lower the kinetic barrier between the metastable misfolded states and unfold the intermediates in such a way that upon release they would spontaneously reach their native state. Hence, when a stably unfolded inactive luciferase, which had been first prelocked within an ADP-DnaK complex, was released in solution by GrpE addition in the total absence of ATP, it spontaneously refolded to the native state with an efficiency approaching 100% (73). Thus, contrary to artificial urea unfolding, chaperone-unfolded polypeptides may not obligatorily misfold and aggregate upon their release in solution. It is indeed more likely that protein evolution has favored the native structures with the lowest free energy. Yet, to fulfill more elaborate functions, protein evolution may have had to compromise with stability and allow higher risks of misfolding on the way to the native state (116) , especially in the case of eukaryotic multidomain polypeptides (66). To achieve the native state, these proteins may have had to develop a strong dependence on chemical chaperones (117) and on protein chaperones, acting as polypeptide unfoldases, which would have prevented the formation of inactive, potentially toxic aggregates and provided already damaged species with a renewed chance to spontaneously regain their native folding and to avoid degradation and being resynthesized at a very high ATP cost. Upon binding and unfolding very early misfolding intermediates on the aggregation pathway, the various polypeptide unfoldases could thus buffer the evolution of increasingly complex multidomain polypeptides (116, 118, 119) .
MOLECULAR CHAPERONES SHOULD REVERT TO THEIR ORIGINAL NAME: UNFOLDING ENZYMES
In 1987, Ellis levied on the scientific community a social term, chaperone, to characterize the presumed molecular function of a group of proteins suspected at the time to mainly prevent the aggregation of other proteins and, occasionally, also promote the proper assembly of functional oligomers (2). Yet, after about 30 years of research, there is still a need to find the common biochemical property of all molecular chaperones. Not all can prevent the aggregation of other proteins. Defining them as antiaggregation molecules would exclude, for example, the disaggregating ClpB/Hsp100 machineries that do not prevent aggregation per se. By contrast, not all chaperones can refold inactive proteins to their native state, and defining them as folding molecules would exclude, for example, Hsp90, Hsp40, and trigger factor. In addition, not all molecular chaperones are Hsps, and reciprocally, not all Hsps are molecular chaperones. Defining chaperones as Hsps would exclude proteins that are not induced by heat and, moreover, erroneously assign a chaperone function to heat-induced nonchaperone proteins (120) . Yet, there is now compelling Proteostasis: all the cellular processes controlling the life of a protein, from birth in the ribosome to folding, translocation, assembly, activation and protease-mediated degradation evidence of two common properties to all chaperones: (a) They can specifically recognize and bind to misfolded, aggregated, or alternatively folded proteins, while leaving untouched the large majority of surrounding native or intrinsically unfolded proteins in the cell. (b) Upon binding and in some cases also upon hydrolyzing ATP, they can cause the local or global unfolding, decompaction, pulling, or extension of the bound polypeptides. Release of these polypeptides can then lead to native refolding or to controlled degradation in a protease chamber (62, 65). Recent findings clearly show that most, if not all, classes of molecular chaperones behave as polypeptide unfolding enzymes or more simply as unfoldases. This would categorize them among the class 5 isomerases. Indeed, similar to peptidyl-prolyl isomerases, the unfoldases apparently act on their bound misfolded or alternatively folded substrates to change their conformation without changing their overall chemical composition, thereby converting them into differently folded, low-affinity native polypeptide products (65). In 1986, Rothman & Kornberg (1) suggested the term unfolding enzymes, but at the time, this lacked experimental support. Instead, the term molecular chaperone was suggested a year later (2) and continues to be used. This latter term is inspired from the social function of preventing unproductive associations among teenagers. It implies a molecular function of preventing useless protein aggregations and fails to account for the remarkable ability of most chaperones to act as polypeptide unfoldases that can edit the three-dimensional structure of proteins in the highly crowded environment of the cell (121) . It would thus appear that the social term chaperone is an incomplete description and should be avoided. If any, the social term molecular police would much better correspond to their observed cellular functions (122) . Instead, the original term from Rothman & Kornberg (1) of unfolding enzymes should be reinstated, as it is scientifically more accurate and informative about the mechanism by which these proteins regulate cellular proteostasis (123, 124) .
THE UNFOLDASES CAN PROOFREAD THREE-DIMENSIONAL PROTEIN STRUCTURES AND THEREBY CONTROL PROTEOSTASIS
By virtue of their ability to act as polypeptide unfolding enzymes that can specifically target highaffinity misfolded conformers while remaining indifferent to properly folded native proteins, the various unfoldases can verify the quality of the proteins in the crowded environment of the cell. They can proofread the three-dimensional structures of proteins; bind and unfold only those presenting signs of misfolding, such as hydrophobic surfaces; and convert them into harmless spontaneously refoldable or degradable proteins.
In the flowchart of molecular biology, intricate information needs to be faithfully transferred between various forms of complex polymers: DNA→RNA→proteins. Owing to its high complexity, the information contained therein is fragile, and the transfer is error prone. Hence, although the major function of DNA polymerase is to catalyze the forward template-dependent 5 -3 polymerization of DNA, this polymerase is equipped with a built-in detection system for errors. By virtue of its high affinity for wrongly paired nucleotides and its unique ability to conditionally act backward on them as a 3 -5 exonuclease, while remaining indifferent to properly paired nucleotides, DNA polymerase can proofread DNA, avoid nonallelic homologous recombination, and thus control the quality of the transferred information to daughter strands (for a review see 125) . Proofreading quality-control mechanisms exist also for mRNA transcription (126) and mRNA translation by the ribosomes (127) . Protein folding is also a very intricate and error-prone process, especially under heat shock. The various members of the unfoldase network may thus proofread the three-dimensional structures of all the proteins in the cells at a steady state, during growth and under stress. When necessary, the unfoldases can transiently arrest the spontaneous misfolding process of a protein, and by unfolding, they may even move backward by undoing the faulty structures before resuming the proper forward spontaneous folding process to the native state. When there is no stress, the unfoldases may also undertake physiological functions, such as driving vesicular trafficking and protein import into organelles, similar to police regulating city traffic instead of having to apprehend and process criminals who thrive under more stressful conditions.
THE IMPORTANCE OF UNDERSTANDING POLYPEPTIDE UNFOLDASE MECHANISMS
Understanding the precise mechanisms by which various classes of unfoldases may prevent the formation of, and/or actively avert, the accumulation of disease-causing protein conformers is fundamental to the design of unfoldase-based therapies against various generative protein conformational diseases (128, 129) . Polypeptide unfoldases can specifically identify misfolded conformers and either send them to controlled degradation or rehabilitate them into functional proteins to further sustain cellular life during and following stress by buffering aggregation-prone mutations, by repairing stress-induced damage, and by inhibiting proapoptotic signals (130, 131) . Unfoldase overexpression may be beneficial to aging mammalian tissues, which are defective in detecting abiotic and cellular stresses and that insufficiently respond to various challenges. By contrast when increasing the unfoldase load, Hsp70 in particular might correspondingly increase the survival of cancer cells by blocking apoptosis during and following radio-, chemo-, and thermotherapies (3). It is important to understand the molecular mechanisms by which the various polypeptide unfoldases act on different toxic and alternative protein conformers to develop effective overexpressing approaches to combat degenerative protein conformational diseases and to identify specific unfoldase inhibitors to increase the sensitivity of cancer cells to aggressive treatments (132, 133) . Moreover, in the context of global warming, it is essential to understand how in sessile organisms, such as plants that cannot escape environmental stresses, various classes of heat-induced unfoldases may accumulate during a mild priming rise of ambient temperature to effectively prevent subsequent protein damage by upcoming noxious higher temperatures typically occurring at noon. Once the heat stress is over, the unfoldases may thus rehabilitate inactive misfolded, potentially toxic conformers by unfolding them into natively refoldable harmless functional proteins (131, (134) (135) (136) . 
FUTURE ISSUES

